The hisT gene codes for an enzyme responsible for the conversion of uridine to pseudouridine (I) in the anticodon region of many tRNA species in Salmonella typhimurium. We have previously shown that a hisT mutant has tRNAHiU which lacks pseudouridine in this region and as a consequence has an altered chromatographic behavior. We show here a similar alteration in chromatographic behavior of all tRNALeu and one tRNAIte species from a hisT mutant. By contrast, tRNAVl, which contains no pseudouridine except for the one in the TICG sequence, is chromatographically unaltered in a hisT mutant.
The absence of pseudouridine in the anticodon region of tRNA in hisT mutants has been previously shown to cause derepression of the histidine operon. We show here that in hisT mutants the regulation of the leucine and the isoleucine and valine operons is also affected: the enzymes of these operons are refractory to repression by the branched chain amino acids. Hoev-er, there is no difference 1 etween -hisT and wild type in the pattern of derepression caused by isoleucine or valine limitation and only a slight difference in the enzyme levels in cells grown on minimal medium.
The alteration in the regulation of branched chain amino acid operons may also explain why hisT mutants are resistant to inhibition of growth by the amino acid analogues 5,5,5-trifluoroleucine, 6i-hydroxyleucine, and norleucine and by the oligopeptides glycylglycylnorleucine and norleucylnorleucine.
hisT mutants, originally isolated as being derepressed for the histidine operon in Salmonella typhimurium (1, 2) , have an altered tRNAHiS which has been sequenced and which differs only in having two uridines in place of two pseudouridines (I) in the anticodon region (3) . In contrast, the pseudouridine in the "TICPu" loop was present in both the wild-type and mutant tRNAHiS (3) . Direct evidence has been obtained that the hisT gene product is a pseudouridylation enzyme. An enzyme that can modify specific uridine residues of bulk hisT tRNA (4) has been identified and purified using wild-type strains of S. typhimurium and Escherichia coli. This activity is not detectable in extracts derived from hi8T strains and is heat-labile in temperature-sensitive hisT strains (4) .
Other tRNAs which have I in the anticodon loop also appear to have W replaced by U in the hisT mutant: tRNATYr, tRNALeU, and tRNAHiB species from hisT are altered in chromatographic behavior (3) . hisT mutants are also resistant to some amino-acid analogs of histidine, leucine, and tyrosine (3) . As the growth rate of hisT amber mutants was almost normal (2, 5), we concluded (3) that these Is in tRNA (about half the known tRNA species) may have a function in regulation rather than in protein synthesis.
Histidyl-tRNAH1s is necessary for the repression of the histidine operon in S. typhimurium (5) . Studies on the regulation of the leucine, isoleucine, and valine operons have also implicated the amino acyl tRNAs in regulation, although this evidence, involving the respective tRNA synthetases (6-10), was only circumstantial. Recently, however, an involvement of leucine tRNA as an element in repression of the leucine biosynthetic enzymes was strongly implied by the finding that the hisT mutant phenotype included resistance to several leucine analogues (3) and an alteration of tRNAou (3, 11) . The present work extends these findings.
MATERIALS AND METHODS
Chemicals. The chemicals and their sources were as follow: sodium salts of dihydroxyisovalerate, dimethylcitraconate, and 3-isopropylmalate (Reef Laboratory, Lafayette, Ind.); 5,5,5-trifluoro-DL-leucine (PCR, Inc., Gainesville, Fla.); DLnorleucine and L-amino acids employed (Calbiochem); inorleucyl-L-norleucine, L-lysyl-ilysyl-L-1ysine, and glycylglycyl-L-norleucine (Cyclo Chemicals); 3l-hydroxy-leucine ( Bacterial Strains. The bacterial strains were derivatives of S. typhimurium LT2. Strain SB560 (aroD6 purF145) was the parent of strain TA265 (hisT+), strain TA253 (hisTl604), and strain TA1309-(iT2890). hisT2890 is an amber mutation. Strain TR1 (aroD5 purFl45 ilv-542) was the parent of strain TA3002 (hisTl504 ilv-542) and TA3003 (hisT+ ilv-542). The indicated hisT allele was transduced into the parent strain with phage P22, selecting for aroD+ purF+ recombinants.
Media. The minimal growth medium (12) used in the enzyme assay experiments was made 0.5% in glucose and modified by omitting citrate. The enriched medium was I broth (13) . In the analogue-inhibition experiments the medium employed contained, per liter: 1.0 g of K2SO4, 13.5 g of K2HPO4, 4.7 g of KH2PO4, 0.1 g of MgSO4. 7H20, and 15 g of agar. The cells were pregrown in nutrient broth (0.8% Difco Bacto with 0.5% NaCl).
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* On leave of absence from I-Cattedra di Chimica Biologica, II& FacoltA di Medicina, University of Naples, Naples, Italy. Column Chromatography. The RPC-5 column was packed with adsorbent (prepared by method C) and operated as described (18), except that we used a pressure of 50 lb/in2, giving a flow rate of 0.5 ml/min. Fractions of 1 ml were collected, mixed with 10 ml of Bray's scintillation fluid, and 50 counted in a Nuclear Chicago Mark I liquid scintillation counter. Efficiency of counting was 13% for 'H and 25% for "14C.
Enzyme Assays. Cells were grown as indicated, harvested by centrifugation, washed once, and resuspended in 8 volumes of buffer (0.05 M potassium phosphate, pH 7.5). The cells were disrupted (Branson 125W sonifier) and the debris was removed by centrifugation at 1°(Sorvall RC-2, SS-1 rotor, 15,000 rpm for 20 min). Enzyme assays were performed immediately. The assay methods were as described: threonine deaminase [L-Threonine hydro-lyase(deaminating), EC (22) , and protein (23) .
RESULTS
Chromatographic Behavior of the hisT Mutant tRNA. Our previous studies had shown that mutation of the hisT gene caused loss of the enzyme (4) that converts uridine to pseudouridine in the anticodo' loop of tRNAHiB (3) . The unmodified tRNA~iS could be distinguished chromatographically from the wild-type tRNAHiS as it was retarded on an RPC-3 column (3, 15) . This retardation of tRNA from a hisT mutant was also seen with tRNATYr and the major species of tRNALeU (3) . As both of these species were known to contain pseudouridine in the anticodon region, this suggested that the hisT mutation was pleiotropic, preventing all modification of uridine in the anticodon region of tRNA to pseudouridine (3, 4) . This was at least partially confirmed when tRNALeu from a hisT mutant was shown to lack pseudouridine in the anticodon loop (11) .
Co-chromatography of leucyl-tRNALeu from the hisT mutant and the wild type on the newer RPC-5 column showed ( Fig. la) that all seven tRNAIUU species separated are altered in the hisT mutant.
The major species of tRNAIle in E. coli has no pseudouridine in the anticodon region (24) . Co-chromatography of isoleucyl tRNAIle from the hisT mutant and the wild type (Fig. lb) confirmed that the major species is unaltered in the mutant. Harada and Nishimura (25) (Fig. lc) showed that the valyl tRNAs are identical in the two strains. This is as expected since tRNAv1l has no pseudouridine except in the TICG sequence (26) , which is unaffected in the hisT mutant (3).
Resistance of hisT Mutants to Amino-Acid Analogues. The greater resistance of hisT mutants than of wild type to a variety of amino-acid analogues (3) indicates that the unmodified tRNA resulting from the hisT mutation affects other amino-acid pathways in addition to histidine. Table 1 shows that hisT mutants were more resistant than an isogenic wildtype strain to the leucine analogues trifluoroleucine and flhydroxyleucine, and to norleucine. This difference in resistance was enhanced by growth on a poor carbon source, while the nitrogen source had no effect. The relative resistance of the hisT mutants is not the result of a reduced rate of uptake of the analogues, since resistance is observed to norleucine dipeptides or tripeptides which enter the cell through the dipeptide and tripeptide permeases (27) . The wild type and hisT strains were equally sensitive to trilysine, indicating that the oligopeptide permease is functional in the hisT mutant.
An alteration in the regulation of the leucine operon by the unmodified tRNA could also account for the altered analogue resistance in the hisT mutant, as is the case with the histidine operon (3) . Evidence for an effect on leucine regulation is presented in the following section.
The Effect ofhisT Mutations on the Repression ofthe Branched Chain Amino-Acid Biosynthetic Enzymes. Since trifluoroleucine resistance in S. typhimurium is usually accompanied by derepression of the enzymes that form branched-chain amino acids (8) , it was of interest to compare the levels of these enzymes in hisT and hisT+ strains of S. typhimurium. Accordingly, the same strains examined in the analogue sensitivity tests (Table 1) were grown in the presence and absence of repressing levels of the three branched-chain amino acids, as well as in ILbroth. The activities of two leucine biosynthetic enzymes, 2-isopropylmalate dehydratase and 3-isopropylmalate dehydrogenase, were determined. These enzymes are normally repressed when cells grow in the presence of excess leucine. We also measured three isoleucine and valine biosynthetic enzyme activities which are multivalently repressed when all three branched-chain amino acids are present in the medium. Table 2 shows that the isogenic wild-type strain, TA265, exhibits the normal extent of repression of all five enzymes when excess isoleucine, valine, and leucine are incorporated into the minimal medium. Growth in b broth resulted in the strong repression normally exerted by rich media over these enzymes. This repression has been observed before and may be due to a process different from that causing the "specific" repression exerted by the branched-chain amino acids.
In contrast, in the two hisT strains (TA253, TA1309), all five enzymes were refractory to the repression usually exerted by the branched-chain amino acids. For both the hisT missense ahd the hisT amber strain, the activity of threonine deaminase is about 20% lower in the presence of excess branched-chain amino acids than in their absence. This small difference in proline cine Bacteria (0.1 ml of a nutrient broth culture) were added to the top agar of a pour plate with minimal-salts medium with carbon (0.4%) and nitrogen (10 mM) sources as indicated. A filter paper disc (6 mm) containing 2 ,Mmoles with respect to the Lisomer (or 0.8 for gly-gly-norleucine) of the analogue was then placed in the center of the plate. Incubation was at 370 overnight. The inhibition of the trifluoroleucine and ft-hydroxy-leucine is completely reversed by adding ileucine (10 umoles) to the plate. Although the norleucine is a methionine analogue and the inhibition is reversed by methionine, we have also found that the inhibition of norleucine and the norleucine peptides is partially reversed by -leucine (analyzed as free of methionine). activity may not be due to repression; but, if it is, the repression appears to be markedly reduced owing to the hisT lesion. In both hisT mutants, the much stronger "repression" caused by growth in I-broth is about like that observed in the hisT+ parental strain. Thus, the hisT lesion appears to have interfered with the "specific" repression exerted by the three branched-chain amino acids, but not with the "non-specific" repression occurring in L-broth.
The Effect of hisT Mutations on Derepression of the Isoleucine and Valine Biosynthetic Enzymes. Whether the hisTlS04 mutatCon also interferes with the "derepress" signal generated when one of the branched-chain amino acids is limiting can only be determined with a strain containing an ilv mutation along with the hisTI5O4 mutation, * Amino-acid supplements were in excess: isoleucine and leucine (500 uM); valine (800 1&M). Cells in all cases were harvested during late log phase.
acids did not repress the levels of the three enzymes, confirming the effect of the hi8T mutation shown in Table 2 . Thus, while the hisT mutation leads to a loss of repressibility of the ilv gene cluster, its effect on the derepression signal generated by limited valine or isoleucine is not striking. Indeed, in view of the significant fact that the hi8T lesion is pleiotropic, the limited derepression of the isoleucine and valine biosynthetic enzymes may be the result of a relatively nonspecific, ratherthan a specific, interference with the derepression signal.
DISCUSSION
The present work makes much more definitive the involvement of the leucine and isoleucine tRNAs in the regulation of the leucine, isoleucine, and valine biosynthetic pathways. The involvement of tRNA had been suggested by a variety of work on these operons (7, 9, 10, (30) (31) (32) including the isolation of regulatory mutants with lowered tRNA synthetase activities (6, 33, 34) . It was always possible, however, that the tRNA synthetases alone were involved, an objection that is removed by showing that an alteration in the tRNA itself is associated with altered regulation. This involvement of tRNA may be similar to that with histidine regulation where charged tRNAHiS in its pseudouridylated form is necessary for repression (5) and the five classes of regulatory mutants (hisR, hisT, hisS, hisU, and hisW) show alterations in the synthesis, maturation, or aminoacylation of tRNA11 (3, 5, 35, 36) .
Various models of the repression of the ilv operon have suggested a role for branched-chain aminoacyl tRNAs (7, 30, 37, 38) . Our finding of the alteration of all of the leucine species and of a minor isoleucine species, as well as alterations in the amounts of two isoleucine species and a leucine species in a mutant defective in the regulation of the operon, leaves unclear which of these various tRNA species actually are involved in the control.
It is interesting that the lack of pseudouridine in the anticodon loop of many tRNA species does not lead to any major alteration in the cell. In fact, the hisT gene product is dispensible, as has been shown by Chang, Roth, and Ames (2).
The growth rates of hisT mutants are almost normal (2, 5) (the reduction of 15% might be due to the drain of energy caused by higher levels of many biosynthetic enzymes). This implies that tRNA lacking pesudouridine in the anticodon region interacts normally with the protein synthesizing machinery of the cell. Furthermore, it was been shown that tRNAHiB from hisT mutants behaves like wild-type tRNAHiB in the aminoacylation reaction (15, 16)-the rate, extent of the reaction, and the affinity for the enzyme are identical. For tRNAL6U and tRNAIle, careful kinetic measurements have not been done, but the rate and extent of the reaction are identical for the mutant and the wild type. The correspondence between the lack of pseudouridine in tRNA and the alteration of regulation is maintained at least for three biosynthetic pathways: leucine, isoleucine and valine, and histidine. This leads to the hypothesis that there is a general feature of tRNA structure necessary for the interaction at the level at which the regulation of many operons occurs. The presence of pseudouridine seems to be necessary for the maintenance of such structure. This conclusion is strengthened by the observation that in every case tested the lack of pseudouridine leads to a similar effect on the chromatographic behavior of tRNA on an RPC-5 columna retardation in the elution. This could be related to a similar structural change that would strengthen the interaction between the tRNA and the absorbant. The alteration in regula-tion is also always in the same direction-inability to repress. Since it is not known how tRNA acts as a regulatory molecule, it is difficult to correlate the structural and the functional alteration produced by the lack of pseudouridine. A possible model might follow from the hypothesis that aminoacylation induces some conformational change in tRNA (39, 40) . Since the amino acylated form of tRNA is required for regulation of the histidine operon (5), one might think that the conformational change that occurs upon aminoacylation is a requisite for the regulatory function. The lack of pseudouridine might prevent the conformational change from occurring, "freezing" the tRNA in the unacylated conformation even after aminoacylation. As a consequence there would be no signal to the cell that sufficient amino acid was present. The effect of the hisT mutation on other amino-acid pathways and tRNAs is under further study.
These considerations all point to a precise function for pseudouridine in the anticodon region that may be related to regulation of the biosynthesis of some enzymes. If the cell had the capacity to regulate the pseudouridylation in the anticodon region, it would be possible to change the level of the enzymes independently of the level of aminoacyl-tRNA. This would confer more flexibility to the "regulatory systems." Such a possibility is currently under investigation.
Attempts to understand the function of modified bases in tRNA have been directed at revealing a role in the protein synthesis process, such as interactions with ribosomes (41) and codon-anticodon interaction (42) . These studies led to important discoveries. Our study with hisT suggests that for some of the modified bases the role might not be related to protein synthesis per se but to the function of tRNA as a regulatory molecule. This function might be performed at the level of transcription or translation, or both, but it is not necessarily related to the "adapter" function of tRNA in protein synthesis.
tRNA has been thought to play a role in many biological phenomena including differentiation, development, and cancer. It is possible that the increase in the frequency of modified bases in tRNA as one goes from mycoplasm to mammals might be related to the increasing importance of tRNA as a regulatory molecule during evolution §.
